Recent engine development has been mainly driven by increased specific volumetric power and especially by fuel consumption minimization. On the other hand the stringent emission limits require a very fast cold start that can be reached only using tailored catalyst heating strategy.
INTRODUCTION
Continuous improvement of internal combustion engines has led to increased fuel economy and corresponding lower CO 2 emission both for diesel [1] and gasoline engines. Improved combustion efficiency and reduced losses have also caused exhaust gas temperatures to decrease, generally leading to greater challenges for the exhaust gas after treatment system in the cold start phases. In the last decades, when cold start emission became a crucial issue to be solved in order to reach the stricter limits, many solutions were taken into consideration, for example close coupled catalysts, engine catalyst heating, better thermal management of the exhaust system, etc.
One potential solution was the utilization of electrically heated catalyst. This has led to a joint development by a working group consisting of members of the German automotive industry and Emitec. As a result, the EmiCat catalyst (EHCelectrically heated catalyst) with its electrical heating (E.H.) capability has been developed. Initially, it has been used as low-volume production in the Alpina B12 and subsequently in the BMW 750i [2, 3] . The production of the electrically heated catalyst has been rather low, since alternatives like enginebased catalyst heating (C.H.) were developed and replaced the usage of the EHC.
The recent developments of emission legislation focusing on higher fuel efficiency and lower CO 2 emissions have forced the latest engine advancements in the direction of further increase in efficiency and corresponding decrease of exhaust gas temperature. Depending on the application, the drive cycle and the after treatment technology, the exhaust temperatures have reached levels, which require additional energy delivery directly into the exhaust system in order to comply with the required emissions levels [4] .
Since current vehicle developments look intensively at hybridization and electrification, the integration of an electrically heated catalyst into a significantly electrified vehicle is much more favorable than in the past. Also required surrounding electronics have been developed to mature stages to support thermal exhaust gas management via heated catalysts. Nevertheless, the energy efficiency utilizing the EHC has to compete and outperform traditional engine based exhaust gas heating to be a rational choice. This energy balance has been evaluated in detail in this paper.
ELECTRICALLY HEATED CATALYST
The goal of the initial development of the EHC was fast light off of catalytic activity even under very challenging cold start conditions, i.e. at very low exhaust gas temperatures. Since the crucial factor for this activity is the temperature of the catalyst rather than that of the exhaust gas, the design focused on ensuring that as much of the available electric power as possible could be used to increase temperature of the heater element and consequently the metallic catalyst.
Thus, the actual heater was designed as an integral part of the catalyst in the form of a honeycomb disc in the catalyst inlet. This directly heated disc also has a catalytic coating, which allows it to start converting pollutants immediately (the heated undergoes the same coating process simultaneously with the main catalyst). The disc is mechanically supported by the second part of the catalyst, the support catalyst, by means of supporting pins. The support catalyst is a standard metallic matrix and is heated by the exhaust gas, which has been heated by the electrical disc.
The disc works on the principle of a heating coil. Power is supplied at one end by an electrical connection, which conducts electricity to the foil stack. The resistance of the foil stack itself determines the electric power of the heated catalyst. Like the normal winding process of the metal matrix, the disc receives its specific form by being wound into an S shape. Contact with the vehicle ground is provided by the outer mantle (see Fig. 1 ).
An air gap prevents short circuits inside the heated disc and ensures that power flows through every part of it. The heated disc is mechanically supported by insulated pins that are brazed to the heated disc and the support catalyst. This construction ensures that the catalyst is able to permanently withstand the high thermal and mechanical loads in the exhaust system [5] .
EXHAUST GAS TEMPERATURE MANAGEMENT
As described above, the EHC has been used in spark ignition engine applications in the past, but quickly became redundant as a result of the introduction of engine-based catalyst heating methods. To evaluate the energy efficiency of the EHC, such system has been compared to a state of the art spark ignition engine application.
If engine-based exhaust gas temperature management is utilized, deterioration in combustion efficiency can be artificially brought about by applying a range of different parameters, such as ignition timing in the case of a petrol engine or the injection timing for diesel engines. The target is to generate higher exhaust gas temperatures. A further course of action is the deployment of particularly late stage injection in order to modify the unburned share in the exhaust gas and thus to convert the energy in the fuel into heat. Depending on the load point, this measure can also lead to increased raw exhaust gas emissions and is limited depending on the existing constraints. In order to boost the amount of energy supplied even further, the engine speed is also increased and at the same time the mass flow through the engine and through the catalyst receives a significant boost, it can almost be doubled in some cases. This means, on one hand, a definite acceleration in system heating and, on the other, a further increase in the amount of fuel required to achieve a specific temperature level. The increase in exhaust temperature has to be transported to the different catalysts. The position and, with it, the thermal mass of the upstream components will therefore play a crucial role, particularly when it comes to cold start.
By comparison, when the catalyst is electrically heated, the energy can be introduced directly at the catalyst, which means that the losses mentioned above can be avoided. Moreover, all that needs to be heated is just the mass flow that is actually required for operation of the engine and to provide the necessary drive power and this clearly reduces the energy requirement.
However, in order to have a clear picture of the thermal balance, the electrical energy must be derived from the mechanical energy generated by the engine via the generator, taking into account the corresponding levels of efficiency. Fig.  2 shows the principal energy flows using engine-based heating techniques as well as electric heating. In the present work, electrical energy source chosen to heat up catalysts has been external; a pair of 12V lead-acid batteries connected together in parallel or in series have been respectively used to generate voltages of 12V and 24V; therefore CO 2 experimental results can be utilized in order to define a mechanical-to-electrical energy conversion efficiency target required to restore the electrical energy spent during the catalyst heating phase.
Defining several engine and EHC managing strategies, two purposes have been prosecuted: first, fuel consumption reduction while keeping tailpipe emissions at reference level, this goal has been achieved by decreasing exhaust gas enthalpy and at the same time electrically heating catalysts (testing different voltages and heating periods); second, improve tailpipe emissions (with respect to the reference level) by electrically heating catalyst before engine start.
HARDWARE DESCRIPTION
Starting from Ferrari V8 exhaust system (see Fig. 3 ), the catalytic converters have been replaced by two electrically heated catalysts keeping the same engine exhaust flange distance and as much as possible the same substrate geometry too (see Tab. 1). 
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As previously mentioned, EHCs have been connected to an external power supply source consisting of two 12V lead-acid batteries in parallel or in series depending on the desired output voltage (12V or 24V).
Figure 3 -Ferrari V8 Exhaust System
Every EHC exhaust pipe has been equipped with three thermocouples placed at catalyst inlet, on the central axis at a distance of 2mm and 37mm from the support catalyst inlet (see Fig. 4 ). The heater element has not been equipped with any thermocouple to avoid any electric shortcut risk.
Figure 4 -Thermocouple Locations

TEST SETUP
Testing has been carried out on a roller test bench performing the New European Driving Cycle and following the related testing procedure (TYPE I TEST).
In addition to bag analysis, catalyst inlet (PRECAT) and outlet (POSTCAT) exhaust gas modal analysis have been performed in order to assess EHC behaviour especially during the catalyst heating phase. Table 3 describes in detail the analysis equipment (see Figure  5 ) 
Figure 5 -Horiba Equipments used in the experimental tests
Fuel consumption has been modally estimated by balancing test fuel and exhaust gas (HC, CO, CO 2 components) carbon contents..
ENGINE AND EHC MANAGEMENT STRATEGIES
Six different configurations have been tested, differing in exhaust gas enthalpy released during catalyst heating phase and in electrical power and energy required to heat up the two substrates (see Table 3 ), every configuration is described in detail below. 
CONFIGURATION 1 (REFERENCE STRATEGY)
Catalysts are heated only by the engine exhaust gas ("passive" heating strategy). In order to increase as much as possible the exhaust gas enthalpy, a very late spark advance is adopted supported by a relatively high idle engine speed. Late spark advance and high engine speed together provide to substrates the required amount of energy to warm up quickly while keeping impact on fuel consumption at minimum levels along with required driveability characteristics.
CONFIGURATION 2 (FUEL ECONOMY OPTIMIZED STRATEGY)
Similarly to Configuration 1, catalysts are heated only by exhaust gas enthalpy (passive heating strategy). Engine control software has been modified to bring down both exhaust gas enthalpy and engine speed in order to achieve the lowest possible fuel consumption without sacrificing vehicle driveability. On the other hand, this configuration significantly affects tailpipe emissions.
CONFIGURATION 3 (ELECTRICAL HEATING REFERENCE STARTEGY)
Starting from configuration 2 an array of preliminary tests with EHC (variation of voltage, power, heating duration) have been carried out, leading to the conclusion that engine management based on configuration 2 even in combination with active systems (electrical heating) could not yield the required emissions target.
Therefore engine control software has been modified to provide high exhaust gas enthalpy just for 10s after engine start and then cutting it down to values similar as in configuration 2 (passive heating strategy). This engine management strategy, the same used by configurations 4, 5 and 6 in combination with electrical heating, can be considered as the reference to evaluate the influence of electrical heating on tailpipe emissions keeping all the other boundary conditions constant.
CONFIGURATION 4 (12V ELECTRICAL HEATING STRATEGY)
The catalytic converters are heated by exhaust gas according to engine control software as defined in configuration 3. Additionally, electric energy has been provided by the external batteries connected in parallel for 63s after engine start. As briefly explained before, the heating period has been defined to achieve same tailpipe emissions results as in configuration 1.
CONFIGURATION 5 (24V ELECTRICAL HEATING STRATEGY)
The catalytic converters are heated by exhaust gas according to engine control software as defined in configuration 3. Additionally, electric energy has been provided by external batteries connected in series for 37s after engine start. The heating period has been defined to achieve same tailpipe emissions as in configuration 1.
CONFIGURATION 6 (24V ELECTRICAL HEATING BEFORE ENGINE START STRATEGY)
The catalytic converters are heated by exhaust gas according to engine control software as defined in configuration 3. Additionally, electric energy has been provided by external batteries connected in series for 15s before and 37s after engine start. The electrical heating duration after engine start has been kept equal to configuration 5 in order to put in evidence the impact of the first 15s of active heating.
EXPERIMENTAL RESULTS
HC, CO AND NO x EMISSIONS
Observing HC catalyst inlet and outlet emissions, it is apparent how significant they depend on exhaust gas energy. First 140s of NEDC cycle (see Fig. 6 and 7) emphasize the difference between configuration 1 and 2. The effect of spark retard on engine-out hydrocarbon emissions is well known [6, 7] , it's worth pointing out here that low exhaust gas temperatures also affect exhaust manifold warm-up and related HC concentration flowing into the catalyst even after the end of catalyst heating phase due to the lack of residual HC combustion along the exhaust manifold. .
Figure 6 -THC Concentration (Catalyst Inlet)
Engine management strategy has to take into account this phenomenon to keep under control pre-cat hydrocarbons while EHC is not hot enough yet to convert them. In other words, exhaust gas enthalpy can be decreased only when EHC conversion efficiency is at an appropriate level. Experimental results show that a high energy exhaust period of 10s (engine driven catalyst heating) after engine start is required for this application.
A lot of effort has been put into engine control calibration in order to cut down pre-cat hydrocarbons without compromising fuel consumption. Configuration 5 strategy (24V) is clearly more effective than configuration 4 strategy (12V, see Figures  7 and 8) , the latter could be improved by extending the high exhaust gas energy period at the expense of fuel consumption. On the contrary, extending the electrical heating phase wouldn't have a significant effect because EHC conversion efficiency after 63s is already close to maximum. As expected, configuration 6 is the most effective, after 15s the heater element is already warmer than in all the other configurations (see Fig. 9 ). Table 4 expressed in tailpipe percentage difference compared to the Reference. A comparison between configuration 3, 4 and 5 (same engine management strategy) puts the evidence on the positive effect of active heating strategy performed with the help of EHC on HC and CO tailpipe emissions. Moreover in configuration 6 a further significant improvement has been obtained by means of active pre-heating strategy..
Accum ulated T.H C Tailpipe
NOx emissions are much more affected by chemical environment (oxidative of reductive) rather than by overall exhaust gast enthalpy level. As consequence, configurations 2 to 6 yield very similar NOx tailpipes. This behaviour depends on secondary air injection strategy, which lowers the NOx conversion efficiency to nearly zero due to oxygen saturation of the catalyst during catalyst heating. Concerning EHC temperatures, it is important to underline that the heated element is thin (limited volume) and for this reason it is crucial to transfer heat from it to the support catalyst in order to reach a sufficient conversion efficiency as soon as possible (see Figures 9 and 10 ). This goal can be managed by optimizing at the same time exhaust gas enthalpy, exhaust mass flow and fuel consumption. Of course the higher the electrical power is available to heat up EHC the less important is the exhaust gas enthalpy management strategy. Catalyst temperatures in configuration 6 show very well the energy transfer from the heated element to the support catalyst: after engine start, the temperature difference between configuration 5 and 6 quickly goes from 100°C to more than 200°C due to energy transfer supported by exhaust mass flow and related forced convection (see Fig. 9 ). 
FUEL CONSUMPTION
As already mentioned, configurations 3 to 6 are able to achieve very good fuel consumption results (close to configuration 2) and at the same time keep under control precat emissions during the first seconds after engine start (see Table 5 and Figure 11 ). 
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Fuel consumption results for configurations 4, 5 and 6 have to be corrected because the electrical energy spent to heat up EHCs is not restored at the expense of mechanical energy during the rest of the driving cycle. It's not an easy task to assess a reliable correction because it mostly depends on the hardware implemented to provide electrical power. In any case an approximate energy conversion efficiency analysis can be carried out. 
ENERGY CONVERSION EFFICIENCY
If we focus on configuration 1 and 3 and their exhaust gas energies after 100s, 7MJ of primary energy (fuel) have been used by engine in configuration 1 and about 4,9MJ in configuration 3. In the same period of time, using configuration 1, gas exhaust enthalpy flowing through EHC is about 2,1MJ while for configuration 3 only 1,2MJ. Summarizing, a 2,1MJ (7MJ-4,9MJ) reduction of primary energy leads to a 0,9MJ (2,1MJ-1,2MJ) reduction of gas enthalpy content (see Figures 12, 13 and 14) . As a matter of fact the same consideration can be applied to configuration 4, 5 and 6)
Figure 12 -Power and Primary Energy (fuel used)
Moreover it can be observed that in configuration 4 and 5, respectively 0,16MJ and 0,34MJ energy content has been supplied to the exhaust gas by Joule effect with aid of EHC (see Figure 15) . Considering now the emission results achieved with configuration 4 and 5 (Table 4 ) it can be concluded that electrical heating strategy requires less energy than configuration 1 strategy (0,9 MJ ). It is necessary to identify a decision parameter, which allows to realize whether the active heating strategy makes sense from an overall energy balance point of view considering also battery level restore.
Therefore considering configuration 5, the ratio between the thermal energy generated by Joule effect (0,34 MJ) and the mechanical energy required to restore the used electrical energy should be higher than 0,16 (0.16=0,34/2,1), see Figure 16 .
Figure 16 -Conversion Efficiency
It is reasonable that such a goal could be achieved especially if we consider increasing electrification of vehicle including energy recovery strategies.
SUMMARY/CONCLUSIONS
Six different engine and electrically heated catalyst managing strategies have been tested in order to assess the influence on fuel consumption and tailpipe emissions.
It is reasonable to assert that it is possible to substantially reduce fuel consumption during the catalyst heating phase by replacing a "passive" substrate with an electrically heated one.
Furthermore we can state that :
• electrically aided catalyst heating provide an efficient method to increase gas temperatures directly in the catalyst;
• engine-out emissions have to be taken into account if EHC is utilized to reduce fuel consumption (colder exhaust mass flow and slower engine and exhaust manifold warm-up);
• tailpipe gaseous emissions can effectively be reduced by electrically heating catalysts before engine startup;
• increasing electrification of vehicles and recuperative energy recovery strategies can make EHC even more attractive. 
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